Silicon two-dimensional phononic crystal resonators using alternate defects We present the numerical and experimental investigations of micromechanical resonators made by creating alternate defects with different central-hole radii (r 0 ) in a two-dimensional (2-D) phononic crystal (PnC) slab. The PnC structures were fabricated by etching a square array of cylindrical air holes in a 10 lm thick free-standing silicon plate using a CMOS-compatible process. Preliminary experimental results show that the performance of the PnC resonators in terms of resonant frequency, Q factor, and insertion loss (IL) is highly dependent on r 0 . A Q factor of more than 3000 is achieved for the case of r 0 ¼ 6 lm while all the designed resonators with alternate defects have higher Q factor and lower IL than the resonators based on the normal Fabry-Perot structure due to the reduction in the mode mismatch. During the past two decades, propagation of acoustic waves in phononic crystals (PnCs) has received a great deal of attention because of the existence of complete phononic band gaps. [1] [2] [3] [4] [5] [6] [7] [8] Recently, the guided waves in 2-D PnC slabs have attracted more attention due to the fact that the 2-D nature of PnC slabs can provide better confinement of elastic energy. Various configurations of PnC slabs, such as cylindrical air holes etched in freestanding membrane, 7, 8 cylindrical rods inserted into the air holes, 5 cylindrical rods deposited on the top of the membrane, 9 as well as inverse acoustic band gap (IABG) structure, 10 have been proved to have phononic band gaps for elastic waves travelling in any direction. By adding defects to PnC structure, devices of various functionalities like waveguides and resonators have been reported. 9, [11] [12] [13] There are many analogies between PnCs and the wellknown photonic crystals (PhCs). Due to the strong confinement of light, the optimal PhC cavity can form optical resonators with ultra-high Q factor by modifying rather than simply removing the scatters surrounding or within cavity. 14 The light wave penetrates evanescently into the surrounding PhC when it incidents from the cavity to the surrounding PhC. This leads to significant scattering loss 15 due to the mode mismatch between the cavity mode and the evanescent Bloch mode, i.e., the mode existed in PhC. Therefore, the Q factor is decreased. This can be overcome by varying the scatters between the cavity and the surrounding PhC slightly. 16, 17 The gradual transformation from the cavity mode to the evanescent Bloch mode reduces the scattering loss. Analogically, for Fabry-Perot resonators 18, 19 which experimental investigation of PnC resonators is limited to so far, part of elastic energy is scattered to other directions instead of reflected backward to the incident direction due to the mode mismatch, rendering the reduction of the Q factor.
In this letter, instead of a traditional Fabry-Perot resonator whereby all the central rows of air holes are completely removed, we design and experimentally report PnC resonators with alternate defects. The resonators are made by alternately removing the central four rows of air holes while the radii of the remaining central air holes (r 0 ) are varied, and its effect on the performance of the resonators is studied. We also show that by creating alternate defects, the mode mismatch could be decreased resulting in both the enhancement in the Q factor and the reduction in IL, as compared to the Fabry-Perot resonator.
Both the calculation of the band structure and the fabrication process were reported in Ref. 19 . Fig. 1 shows the SEM image of microfabricated PnC resonator formed by alternately removing four rows of air holes at the center of the PnC. Inter-digit-transducer electrodes are formed by Al on the two sides of the PnC structure. Four types of r 0 , including 2, 4, 6, and 8 lm, are prepared for the PnC resonators in the current study.
The experimental set-up and characterization methods have also been reported in our previous work. 19 The transmission spectra of the designed resonators are shown in Fig. 2 . We observed that the performance of the PnC resonators In order to clarify the physical picture of the above four cases, the displacements of steady resonant modes for the four designed resonators are calculated by finite-elementmethod simulated model and shown in Fig. 3 . For the cases whereby the displacement vector components in all three directions are concentrated at the central defect region (e.g., Figs. 3(b) and 3(c)), which means the energy of the structure is confined and concentrated at the central defect region, a higher Q factor can be obtained. On the other hand, for the cases whereby the displacement vector components are less concentrated at the central cavity region (e.g., Figs. 3(a) and 3(d)), the energy is confined poorly in the central defect region, resulting in a lower Q factor obtained. As the mode of the acoustic phonons are determined by geometric parameters, 20 optimization needs to be done in order to get the best slow sound mode, which has the best confinement of acoustic waves. For the four cases with different r 0 , the case of r 0 ¼ 6 lm has the best slow sound mode and the mode of acoustic phonons deviates from the optimized resonance condition when r 0 drifts away from 6 lm. As such, the quality of confinement of acoustic waves is not in a direct relationship with r 0 , thus resulting the non-monotonic behavior of the performance parameters as a function of r 0 . To further illustrate the difference between the mode shapes of cavity mode and Bloch mode, a Fabry-Perot cavity-mode resonator with four rows of air holes completely removed at the center of the PnC was also analyzed numerically and experimentally. The simulated mode profiles of displacement and the experimentally measured transmission spectrum are shown in Figs. 4(a) and 4(b) , respectively. Fig.  4(a) shows the typical Fabry-Perot resonant mode: the elastic energy is uniformly concentrated at the central defect region and the polarization is in x and z directions. The mode is quite similar to the flexural mode of Lamb wave. However, for the proposed resonators with alternate defects, the polarization turns more into y direction as r 0 increases (Fig. 3 ) until 6 lm, which is the optimized resonance condition with strongest polarization in y direction (Fig. 3(c) ). This means that as r 0 increases, the Lamb-wave mode existed in the case of Fabry-Perot resonator becomes more destroyed by the presence of the alternate defects and eventually becomes a complete non-resonant Bloch mode when r 0 ¼ 6 lm. In this case, the cavity turns into an oscillator which consists of a mass clamped by the PnC structures on both sides. Hence, part of the incident elastic energy excites the localized mode while another part of the energy excites the propagating mode, which is polarized in y direction and is reflected back and forth within the cavity by the PnC structure surrounding the cavity. This phenomenon is equivalent to the nonresonant propagating mode which exists in the PnC structure surrounding the central cavity and passes through the periodic oscillators array. As such, it is observed that there is a reduction in the mode mismatch existed in the case of traditional Fabry-Perot resonators, which is the mode mismatch between the evanescent propagating mode in the surrounding PnC structure and the resonant cavity mode inside the cavity. Therefore, the gradual transformation from the cavity mode to the evanescent propagating mode reduces the scattering loss, thus enhances Q factor, and reduces IL. From Fig. 4(b) , we can see that the Fabry-Perot cavity-mode resonator has a much lower Q factor and a much higher IL as compared to the designed resonators with alternate defects. This agrees with the simulated mode profiles of displacement for both types of resonators. As both types of resonators were fabricated under the same processing conditions, the measured transmission spectra confirm that by having alternate defects at the center of the cavity, the mode mismatch can be reduced thus Q factor and IL can be improved.
In this letter, we experimentally reported the effect of r 0 on resonant frequency, Q factor, and IL of the PnC resonators with alternate defects in a 2-D PnC slab which is realized from a microfabricated silicon free-standing plate. We found that these parameters are highly dependent on r 0 , with a Q factor of more than 3000 achieved for the case of r 0 ¼ 6 lm. We also show that by creating alternate defects, gradual transformation from the cavity mode to the evanescent propagating mode can be achieved due to the reduction in the mode mismatch between the two modes. As a result, the scattering loss is reduced, leading to the enhancement in both Q factor and IL, as compared to the Fabry-Perot resonator.
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